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Abstract: Two polymer solutions were brought together via a microfluidic device and subjected to an 
electrospinning process. The two polymer solutions flowed into the microfluidic channel side-by-side 
with very little intermixing due to their laminar nature. High speed stretching of the polymer solutions 
resulted in side-by-side bicomponent fibres. The electrospun nanofibres exhibited an extremely high 
propensity to self-crimp when an elastomeric polymer (polyurethane) and a normal polymer 
(polyacrylonitrile PAN) were involved in the electrospinning process. The formation of self-crimping 
fibre morphology was attributed to the differential shrinkage of the two polymers.  
Keywords: Electrospun nanofibres, side-by-side bicomponent nanofibres, self-crimping, elastomeric 
polymer, microfluidic, polyurethane, polyacrylonitrile.  
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Bicomponent polymer fibres have been developed for exploiting the capabilities which do not exist in 
either polymer fibre alone
[1]
. They are often prepared by extruding two polymers from the same 
spinneret, and the fibres are normally classified by their fibre cross-section structure as side-by-side, 
sheath-core, islands-in-the-sea and citrus fibres or segmented-pie cross-section types, etc
[2]
. The 
bicomponent fibres have been used extensively in the textile- related areas. For example, curly side-by-
side “artificial wool” was extruded for textile applications in the past. Recently, metal-insulator-
semiconductor bicomponent fibres have been reported and show potential for application as 
optoelectronic fibres or textiles
[3]
. Although the existing fibre-making technique is able to produce 
different cross-sectional shapes or geometries in the bicomponent polymer fibres, the fibre diameters are 
limited to micrometre levels
[4, 5]
. Preparing bi-component polymer fibres of much smaller diameter, 
particularly with the diameter in a nanometer scale, has been a challenge.  
The electrospinning process is an established method to produce continuous polymer fibres with 
diameters in the nanometer scale
[6]
. In the electrospinning process, a polymer solution is charged with a 
high electrical voltage. A polymer droplet at the tip of a nozzle is attracted by the electrical field, 
forming a so-called “Taylor cone”. At the tip of the cone, when the droplet overcomes the restriction of 
surface tension, a polymer jet is ejected. The charged jet then undergoes bending instability, 
alternatively referred to as “whipping instability”[7], stretching itself to very fine filaments. Solution 
evaporation from the filament results in dry or semi-dry nanofibres, which are deposited randomly on 
the collector electrode, usually in the form of a nonwoven mat. The whole electrospinning process takes 
place in milliseconds
[8]
. The electrospun nanofibres have received a great deal of attention, as the high 
surface to volume ratio and inherent porous structure make them very suitable for applications such as 
in efficient filtering systems
[9]
, wound dressings
[10]
, scaffolds for tissue engineering
[11]
, protective 
clothing
[12]
, reinforcement
[13]
 and many others 
[14]
. 
Several research groups
[15, 16]
 reported the preparation of sheath-core bicomponent polymer nanofibres 
through an electrospinning process using a co-axial two-capillary spinneret. Tubular nanofibres were 
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created by the removal of the core material from the fibres 
[16]
. This technique provides a huge potential 
to selectively functionalise the polymer nanofibres
[17]
.  
Side-by-side bicomponent fibres are also important because they have been the base fibres for 
producing the so called “splittable” fibres, yielding fine filaments with a sharp-edged cross section [18]. 
A side-by-side bicomponent fibre could be bent to one side forming a crimped or helical fibre 
morphology if the two component sides have a differential shrinkage, which could be induced by an 
external condition, such as stretching, temperature, humidity, etc,  or formed spontaneously when the 
drawing tension is removed 
[2, 5]
.  
Gupta and Wilkes
[19]
 have reported a process  to side-by-side electrospin two different polymers from 
the same spinneret. However there was no proof to show the existence of side-by-side bicomponent 
fibre morphology. In this paper, we report a different approach of electrospinning side-by-side 
bicomponent polymer nanofibres, using a microfluidic device as the spinneret. Self-crimping nanofibres 
were obtained when the fibres were prepared from an elastomeric polymer (Polyurethane, PU) and a 
normal polymer (Polyacrylonitrile, PAN).     
The structure of microfluidic electrospinning nozzle and the apparatus for co-electrospinning two 
polymer solutions side-by-side are illustrated in Figure 1. A silicone microfluidic spinneret consists of 
three capillary channels (ID= 630μm). Two side channels are used for delivering the different polymer 
solutions, which are combined into another channel to form the outlet (2mm in length). A metal 
electrode was inserted into the back end of the outlet channel for charging the polymer solutions, and a 
small stainless steel tube (cut from a 20G syringe needle, ID 230~245μm, 3mm in length) was inserted 
into the front of the outlet channel. The tip of the stainless steel tube extends approximately 1 mm out of 
the surface, so that the highest electrical potential was formed at the tip.  Details for the preparation of 
the microfluidic spinneret have been given in the experimental section.  
When the two polymer solutions were fed through the side channels and merged side-by-side within 
the same capillary channel, the polymer solutions flowed side-by-side with little dispersion of the 
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liquids over a relatively long distance
[20]
. A laminar structure was confirmed by using two polymer 
solutions of different colours in the same micro-fluidic device under the same conditions.  
 
 
(a) 
 
(b) 
Figure 1. (a) The microfluidic device as the electrospinning spinneret, (b) Side-by-side electrospinning 
apparatus  
 
When the two polymer solutions used the same solvent (N, N’-dimethylformamide, DMF), this co-
electrospinning process gave a stable polymer jet, similar to the electrospinning of a single polymer 
solution. Although PAN is not soluble in THF, putting the PAN/DMF solution into tetrahydrofuran 
(THF) resulted in gelatin or precipitate of polymer, and a stable polymer jet was still generated when 
PAN/DMF and PU/THF solutions were used in this process. The formation of stable jet using different 
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solvents could be attributed to a quick stretch of two solutions during the electrospinning process. Due 
to the limitation in the solubility of the polymers, broader solvent systems for co-electrospinning 
PAN/PU were not available. However, electrospinning two different polymers from an incompatible 
solvent couples, e.g. polyvinyl alcohol (PVA)/water and polylactic acid (PLA)/chloroform, failed to 
give a stable bicomponent jet, because the quick evaporation of chloroform from the polylactic acid 
solution dried the PLA at the tip of the spinneret.   
 
(a) 
 
(b) 
Figure 2. SEM images of PAN/PU bicomponent nanofibres (a) and of same nanofibres with the PU 
component dissolved (b). The polymer concentrations for PAN and PU were 6.6 wt.% and 10 wt.% 
(solvent DMF), respectively. The same flow rate, 1.0ml//hr, was used for both PAN and PU; the voltage 
was 22kV and the distance between the tip and the collector was 15cm.  
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The SEM images of the electrospun PAN/PU nanofibres, shown in Figure 2(a), indicate that the as-
spun fibres have curly and helically crimped fibre morphologies. The average fibre diameter of the 
PAN/PU nanofibres was 240nm. Some fibres are so highly curled that the diameter of helix is as small 
as 500nm.  
By contrast, the nanofibres prepared from a single polymer solution using a normal electrospinning 
process have a much different morphology. The electrospun PAN nanofibres prepared from the same 
polymer concentration (6.6 wt.% in DMF) and operating conditions (voltage 22KV, flow rate 2ml/hr, 
DTC 15cm) show a bead-free straight cylindrical fibre morphology, with an average fibre diameter of 
about 140nm.  
Electrospinning an elastomeric polyurethane (PU) could result in a web-like fibre morphology due to 
the adhesive nature of the elastomeric polymer
[21]
. Although a curly fibre morphology was also 
observed when electrospinning a high concentration of polyurethane
[22]
,  the fibres had a relatively large 
fibre diameter (1.1μm) and the crimping morphology could be attributed to an un-even stretch during 
the electrospinning process. Renerker et al
[23]
 reported the formation of nanofibre garlands during the 
electrospinning of polycaprolactone, and confirmed the garland morphology come from the contact and 
merging of segment in different loops of electrospinning jet while the jet was in flight.  
However, in our experiment, electrospinning the PU solution (10 wt.% solvent DMF, voltage 22KV, 
flow rate 2ml/hr, DTC 15cm) gave straight nanofibres with a circular cross-section morphology. The 
electrospun PU fibres contained some beads-on-string structures.  The average fibre diameter was about 
200nm and the average bead width was 2.3μm. No crimped fibres were observed in the as-spun PU 
nanofibres.   
During the electrospinning process, the two polymer solutions could either maintain as a side-by-side 
laminar flow or disperse completely to form an homogeneous solution. The former would result in 
bicomponent nanofibres, while the latter would produce blended polymer fibres with the result being 
the same as electrospinning an homogeneous polymer mixture.  
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A straightforward way to demonstrate the existence of the side-by-side bicomponent fibre 
morphology was to remove one of the polymer components from the bicomponent fibres. Because PAN 
is not soluble in THF, while PU has good solubility in THF, the PU moiety could be removed by a 
simple extraction process.  After the PAN/PU nanofibres were extracted by THF for a long period of 
time, the residual fibres became “U” shaped in cross-section, as shown in Figure 2(b). This clearly 
confirms the side-by-side structure of the electrospun PAN/PU nanofibres.  
Self-crimping happens due to buckling of the compressed component in bi-component fibers. PU is an 
elastomeric polymer, while PAN is a normal polymer, the stretch of both polymer components could 
cause a differential shrinkage within the fibres. This shrinkage could be induced by the resilience of PU 
side because the PU moiety was removed from the inner side of the helix (in Figure 2(b)). 
When the overall flow rate (2.0ml/hr) and the polymer concentration did not change (PAN 6.6 wt.%, 
PU 10 wt.%), adjusting the relative flow rate of the two polymer solutions influenced the morphology of 
the resultant fibres.  A higher PAN flow rate (PAN=1.5ml/hr, PU=0.5ml/hr) gave less curly nanofibres, 
and no helical crimps were observed in the fibres. An equal flow rates for both polymer solutions 
(PAN=1.0ml/hr, PU=1.0ml/hr) led to more curly nanofibres.  Helically crimped fibres and beads-on-
string structure appeared also. A higher PU flow rate (PAN=0.5ml/hr, PU=1.5ml/hr) resulted in beaded 
and curly fibres.  
In summary, we have produced bicomponent nanofibres by side-by-side electrospinning two different 
polymer solutions using a microfluidic device as the spinneret. By dissolving one of the polymer 
components from the nanofibres, the side-by-side bicomponent morphology can be clearly 
demonstrated. Using this technique, it is possible to prepare even smaller nanofibres by sacrificing one 
of the polymer components, or create multi-component nanofibres. Selectively functionalising the two 
bicomponent sides will render this bicomponent fibre with unique functions for special applications. For 
example, if one of the bicomponent sides is electrically conductive while the other is able to absorb 
chemicals selectively, the differential shrinkage triggered by the absorption of chemicals on one 
component side makes the fibre bend. This bending may then switch on/off an electrical circuit via the 
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conductive properties of the other side. This nanofibre can be potentially used as a nano mechanical 
chemical sensor, just like the micromechanical chemical sensor
[24]
.  Also, if the differential shrinkage of 
two nanofibers can be triggered by an external stimulation, such as humidity, temperature, optical 
irradiation, electrical pulse, or chemicals, then these fibers may be used to make nano-tweezers
[25]
 or 
other nano actuators.   
 
Experimental section 
To prepare a microfluidic device, three stainless steel rods (diameter 630μm) were stuck together with 
commercial super glue according to the designed capillary channel structure. This negative template 
was put into a plastic mould and cast by silicone elastomer (Sylgard 184, Dow Chemical). After curing 
and removing both the plastic mould and the template, the microfluidic device was obtained. Two side 
channels were connected with silicon tubes for delivering the polymer solutions. A stainless steel rod 
was inserted into the back end of another capillary channel as the electrode.  A small stainless steel tube 
(cut from 20G syringe needle, ID 230~245µm, 3mm in length) was inserted into the front of the third 
channel, protruding slightly above the surface (about 1 millimeter), in order to generate the highest 
electrical potential at the tip. 
The electrospinning process was conducted by connecting the positive electrode of a high voltage 
power supply (ES30P, from Gamma High Voltage Research) with the microfluidic device, and the 
grounded electrode with the collector. Two different polymer solutions were supplied separately from 
two syringes through the side channels. The flow rates were controlled by two digital syringe pumps 
(KDS-200, KdScientific). An electrical voltage of 22KV was used in the electrospinning process, and 
the distance between the tip and the collector (DTC) was 15cm.  
The single polymer solution was electrospun by using a flat head syringe needle (20G) as the nozzle. 
The polymer solution was supplied from a syringe and the flow rate of solution was controlled by a 
digital syringe pump. The operating voltage was 22kV and the flow rate was 2.0ml/hr. The distance 
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between the tip and the collector was 15cm. 6.6 wt.% PAN and 10 wt.% PU (solvent DMF) were used 
separately in the electrospinning process.  
 
The PU moiety of the as-spun bicomponent PAN/PU nanofibre was removed by extracting the fibres 
with THF in a Soxhlet extractor for 4 days. The residual fibre mat was dried in vacuum at an ambient 
temperature for 6hr.  
The morphology of the electrospun fibres was observed under a scanning electron microscope 
(LEO1530 microscope).  
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A short text and picture suitable for the Table of 
Contents  
Two polymer solutions were brought together via a microfluidic device and subjected to an 
electrospinning process. The electrospun nanofibres exhibited a side-by-side bicomponent cross-
sectional morphology, and showed extremely high propensity to self-crimp when an elastomeric 
polymer (polyurethane) and a normal polymer (polyacrylonitrile PAN) were employed in the 
electrospinning process. The formation of self-crimping fibre morphology was attributed to the 
differential shrinkage of the two polymers.   
 
 
 
